Introduction
. Finally, Rpd3/Sin3-dependent repression has been The eukaryotic genome is compacted with histone and shown to be directly associated with the deacetylation other proteins to form chromatin (Van Holde, 1989) , of lysine 5 of histone H4 in the promoters of UME6-which allows for efficient storage of genetic information.
regulated genes (Rundlett et al., 1998) . These studies However, this packaging also prevents the transcription have established the involvement of core histone acemachinery from gaining access to the DNA template tylation/deacetylation in transcriptional regulation. How- (Paranjape et al., 1994) . In order for the transcription ever, the mechanism by which histone acetylation machinery to access DNA, the compacted chromatin regulates transcription is still not clear. In addition, exstructure needs to be altered. Recent studies have receptions to the general correlation between core histone vealed two mechanisms that alter chromatin structure.
acetylation and gene activation have also been reported. One mechanism, believed to function exclusively in tranFor example, loss of RPD3 function in yeast and Droscriptional activation, utilizes the energy derived from sophila results in enhanced heterochromatin silencing ATP hydrolysis to remodel nucleosome structure (re-(De Rubertis et al., 1996; Rundlett et al., 1996; Vannier viewed in Tsukiyama and Wu, 1997; . Varga-Weisz and Becker, 1998) . The other mechanism Toward a mechanistic understanding of how traninvolves posttranslational modification, in particular the scription is regulated by core histone acetylation, we acetylation of lysine residues at the N-terminal tails of have focused on purifying and characterizing histone deacetylase complexes from HeLa cell nuclear extracts. Using a combination of conventional and affinity chro- § To whom correspondence should be addressed (e-mail: reinbedf@ umdnj.edu).
matography, we previously purified an HDAC1-containing histone deacetylase complex (Zhang et al., 1997) . This a subset of the polypeptides present in the HDAC1 affinity-purified complex possessing histone deacetylase complex contains, in addition to the corepressor Sin3, the histone deacetylases HDAC1 and HDAC2 (Taunton and ATP-dependent nucleosome remodeling activities. et al., 1996; Yang et al., 1996) , the retinoblastoma (Rb)-associated proteins RbAp48 and RbAp46 (Qian et al., Results 1993; Qian and Lee, 1995) , and two novel Sin3-associated polypeptides, SAP30 and SAP18. SAP30 was reMi2␤ Is a Component of a Histone Deacetylase Complex cently found to be required for the establishment of repression at some promoters in yeast and mammals
In order to isolate different HDAC1/2-containing complexes, we attempted to identify the polypeptides asso- (Laherty et al., 1998; Zhang et al., 1998) . The RbAp proteins are believed to function as molecular bridges that ciated with HDAC1 using antibodies against the C-terminal fragment of HDAC1. The results of a representative bring histone/nucleosome-modifying enzymes to their targets. This assumption is based on the fact that the purification are shown in Figure 1A . Many polypeptides, ranging in size from 230 to 30 kDa, were retained on the RbAp proteins interact with the core histones H2A and H4 and exist in protein complexes that modify core hisanti-HDAC1 column. These polypeptides appear to be specific, since they were not retained on a control coltones and alter nucleosome structure (Verreault et al., 1997) .
umn ( Figures 1A and 1C) . Moreover, antibodies against SAP30, a component of the Sin3/HDAC complex, only During the process of purifying the Sin3/HDAC complex, we noticed that only a portion of the HDAC1/2 retained a subset of the polypeptides observed in the anti-HDAC1 column ( Figure 1A , compare lanes 2 and polypeptides copurify with Sin3A. This led us to postulate that more than one HDAC1/2-containing complex 3). Although Sin3A, HDAC1/2, RbAp48/46, and SAP30 were retained on both columns, several polypeptides exists in cells. To characterize the different HDAC1/2-containing complexes, we utilized an affinity chromawere only retained on the HDAC1 column. The three most abundant HDAC1-specific polypeptides have aptography approach. Using antibodies against HDAC1, we isolated different HDAC1-associated polypeptides parent molecular weights of 230, 70, and 32 kDa ( Figure  1A , compare lanes 2 and 3). The 230 kDa polypeptide (Zhang et al., 1998) . Characterization of these HDAC1-associated polypeptides should allow us to characterize was subjected to in-gel tryptic digestion, and the resulting peptides were sequenced by microcapillary the different HDAC1-containing complexes. Here we report the identification of a protein complex containing HPLC ion trap mass spectrometry as described (Nash et al., 1996). Forty-three peptide sequences derived from However, with the exception of the HDAC1/2 and the p230 were contained in a protein known as Mi2 (Seelig RbAp48/46 polypeptides, all other polypeptides (Mi2, et al., 1995) . The identity of this polypeptide was also MTA2, and p32) were absent in the SAP30-affinity-puriconfirmed by Western blot analysis ( Figure 1B) . The pepfied sample ( Figure 1C , lane 2). Interestingly, the Mi2 tide sequences obtained from p70 (Y. Z. et al., unpubcomplex does not contain Sin3A or SAP30 ( Figure 1C ). lished) revealed that it is a novel protein highly related This result was confirmed by Western blot analysis (Figto the metastasis-associated protein MTA1 (Toh et al., ure 1D, lane 5) . Furthermore, the SAP30 complex con-1994). Thus, we named p70 MTA2. The peptide setains SAP30 and Sin3A but is devoid of Mi2 and MTA2 quences obtained from p32 by identical means revealed ( Figure 1D , lane 3). However, the histone deacetylases that it is a novel protein.
HDAC1/HDAC2 and the histone-binding proteins RbAp48/ Mi2 was originally identified as the dermatomyositis-46 are present in all complexes ( Figures 1C and 1D ). specific autoantigen (Seelig et al., 1995) . It contains
The polypeptides present in each of the affinity-purified two PHD (plant homeodomain)-zinc-finger domains, samples are specific, as they are absent in the column two chromo domains, and a SWI2/SNF2-type helicase/ containing control antibodies ( Figures 1C and 1D ). The ATPase domain (Seelig et al., 1995; Woodage et al., above biochemical data collectively establish that Mi2␤ 1997). Two closely related genes, Mi2␣ and Mi2␤ (also is a component of an HDAC1/2-containing histone deaceknown as HsCHD3 and HsCHD4), have been described tylase complex. (Seelig et al., 1996; Woodage et al., 1997) . Interestingly, while the 43 peptide sequences derived from the 230
The Affinity-Purified Mi2␤ Complex Is a Single kDa polypeptide correspond to the sequence of Mi2␤, Histone Deacetylase Complex only 13 share identity with the Mi2␣ sequence. Despite The affinity purification approach described above could an exhaustive effort combining manual interpretation not distinguish whether the polypeptides associated and correlation analysis using the Sequest algorithm with Mi2␤ constitute one or multiple Mi2␤-containing (Eng et al., 1994) , we were unable to find any Mi2␣-complexes. In addition, we could not rule out the possispecific peptides. Therefore, we conclude that Mi2␤ is bility that the absence of Sin3A or SAP30 in the affinitythe 230 kDa polypeptide in the complex.
purified Mi2␤ complex was due to their displacement In order to identify which of the polypeptides retained by the antibodies. To address these questions, we aton the anti-HDAC1 column were specifically associated tempted to purify the Mi2␤ complex from HeLa nuclear with Mi2, we raised antibodies against a portion (amino extracts using conventional chromatography (Figure acids 475-970) of Mi2␤ and used them in an affinity 2A). Fractionation of the Mi2␤-containing complex was purification procedure. The polypeptides retained in the followed by Western blot analysis and histone deacetyanti-Mi2 column were visualized by silver staining and lase activity. We found that both Sin3A and SAP30 were were compared to those retained in the anti-HDAC1 and separated from Mi2␤ upon chromatography on Phenyl anti-SAP30 columns ( Figure 1C ). Seven predominant Sepharose and DEAE-5PW columns (data not shown). polypeptides were retained in the anti-Mi2 column (Fig- Therefore, the native Mi2␤ complex is devoid of Sin3A ure 1C, lane 4). All were present in the HDAC1-affinitypurified sample ( Figure 1C , compare lanes 3 and 4).
and SAP30. Analysis of Superose-6 gel filtration column fractions for histone deacetylase activity identified a The Mi2␤-Containing Histone Deacetylase Complex Contains Nucleosome Remodeling Activity single peak of activity eluting with an apparent mass of ‫1ف‬ MDa ( Figure 2B ). Moreover, Western blot analysis Mi2 contains a SWI2/SNF2-type helicase/ATPase domain. Many proteins containing this domain have been demonstrated that Mi2␤, MTA2, HDAC1/2, and RbAp48/ 46 coeluted with deacetylase activity ( Figure 2C ).
found to exist in protein complexes that possess nucleosome remodeling activity. This observation prompted us To characterize the Mi2␤-containing histone deacetylase complex further, the active fractions from the Suto analyze whether the Mi2-HDAC1/2 complex contains nucleosome remodeling activity. Data presented in Figperose-6 column were pooled and fractionated on a Mono S column. The Mono S-derived fractions were ure 3D demonstrates that the Mi2 complex possesses nucleosome remodeling activity, as indicated by the loss analyzed by assaying histone deacetylase activity (Figure 3A) , silver staining ( Figure 3B ), and Western blots of periodic nucleosome spacing between fractions 36 and 45, which correlates with the elution profile of the ( Figure 3C ). Silver staining revealed that only seven polypeptides copurified with histone deacetylase activity.
Mi2-containing histone deacetylase complex ( Figure 3 ). All nucleosome remodeling protein complexes charWestern blot analysis confirmed that the seven polypeptides included Mi2␤, MTA2, HDAC1/2, and RbAp48/46. acterized thus far require ATP hydrolysis for function. Moreover, most of the known nucleosome remodeling This result is in perfect agreement with the result obtained using the affinity purification approach (Figure complexes remodel nucleosomes in an activator (DNAbinding domain)-dependent manner. To examine whether 1C). Therefore, we conclude that the seven-subunit Mi2␤-containing histone deacetylase complex purified the Mi2 complex has similar properties, we characterized the nucleosome remodeling activity further. We by both conventional and affinity approaches is a bona fide histone deacetylase complex.
found that the activity was dependent on ATP and a we analyzed the ability of the complex to hydrolyze ATP in the presence of equal amounts of either sonicated calf thymus DNA (200-600 bp), mononucleosomes, or oligonucleosomes purified from HeLa cells ( Figure 4B ). This analysis uncovered that the NuRD complex possesses a DNA-dependent ATPase activity that was further stimulated by nucleosomes (approximately 3-fold for mononucleosome and 6-fold for oligonucleosome when compared to DNA). The activity was not stimulated by core histones.
The NuRD Complex Can Deacetylate Nucleosomal Histones
Promoter-proximal remodeling by the NuRD complex suggested that nucleosomal histone deacetylation by NuRD may require targeting of the complex to a promoter. An ideal system for testing targeted nucleosomal histone deacetylation requires the assembly of a properly spaced nucleosome array with acetylated histones and a plasmid DNA containing a transcription factorbinding site. The presence of histones as well as histone deacetylase activity in the Drosophila S190 extracts prevented us from using this assembly system to obtain complex. An aliquot (3 l) of the Mono S-derived fraction was assayed for activity as described in Figure 3D and in Experimental array. Thus, we used properly spaced, highly acetylated complex. However, the NuRD complex was active in deacetylating core histone octamers under the same conditions (data not shown, see below). This result sug-DNA-binding domain. Therefore, the remodeling activity was only observed in the vicinity of the promoter, gests that nucleosomal histone deacetylation may require targeted remodeling. Since high concentrations of whereas distal nucleosomes were not affected ( Figure  4A ). However, at high concentrations of the complex, the NuRD complex could remodel nucleosomes in a transcription factor (DNA-binding domain)-independent the nucleosomes were remodeled in a transcription factor-independent manner (data not shown, see below).
manner (data not shown), we predicted that a higher concentration of the NuRD complex should be able to To analyze whether the histone deacetylase activity of this complex affects the nucleosome remodeling activdeacetylate nucleosomal histones. Results shown in Figure 5B , using a triton-acid-urea (TAU) gel, confirmed ity, we performed nucleosome remodeling assays in the presence of the deacetylase inhibitor TSA. Results prethis prediction. However, the histone deacetylase activity was not dramatically affected by ATP ( Figure 5B ). sented in Figure 4A demonstrate that the remodeling activity is not affected by TSA, indicating that the histone
The TAU gel assay shown in Figure 5B revealed an interesting feature about the histone deacetylase activdeacetylase activity is not required for nucleosome remodeling. Collectively, the above results allow us to ity of the NuRD complex. Although the NuRD complex could deacetylate all four core histones, the extent of conclude that the Mi2␤-containing histone deacetylase complex has ATP-dependent nucleosome remodeling deacetylation on histone H4 varied depending on whether H4 was present in an octamer, mononucleosome, or activity that is independent of the deacetylase activity. Thus, we have named this complex NuRD (nucleosome oligonucleosome. When the substrate was an octamer, histone H4 was completely deacetylated ( Figure 5B , remodeling histone deacetylase complex).
To further characterize the ATP requirement for the lanes 2 and 3), indicating that all four lysines were targeted for deacetylation by NuRD. However, when the nucleosome remodeling activity of the NuRD complex, (C) Determination of the lysine residues deacetylated by the NuRD complex. The panel shows a Western blot analysis of the reactions using core histones, mononucleosomes, or oligonucleosomes as substrates. The reactions were performed as in (B). The reactions were divided and loaded onto polyacrylamide-SDS gels for five blots. The top is a Coomassie blue staining gel containing aliquots of the deacetylation reaction. The bottom panels are Western blots that were probed with antibodies recognizing acetylated histone H3 or histone H4 acetylated at lysine 5, 8, 12, or 16, as indicated on the panel. substrate was a mononucleosome or oligonucleosome, when octamers were used as a substrate ( Figure 5C , lane 2). Interestingly, lysine 16 could not be deacetylated H4 was only partially deacetylated ( Figure 5B , compare lanes 6, 7, 10, and 11 with lanes 2 and 3). Moreover, when H4 was assembled into nucleosome ( Figure 5C , compare lanes 3 and 4 and lanes 5 and 6). Moreover, histone H2B is also not as efficiently deacetylated when assembled into nucleosomes ( Figure 5B , compare lanes lysine 8 of histone H4 could be deacetylated in the oligonucleosome but not in the mononucleosome substrate. 6, 7, 10, and 11 with lanes 2 and 3). This suggests that some lysine residues are not accessible to the NuRD These results are in good agreement with the TAU gel assay, demonstrating that histone H4 is more efficiently complex when DNA is wrapped around the octamer.
To determine which lysine residues of histone H4 were deacetylated in oligonucleosomes than in mononucleosomes. These results also generally agree with the in targeted for deacetylation by the NuRD complex, we examined the acetylation state of H4 using acetylation vivo results obtained in yeast (Rundlett et al., 1996 (Rundlett et al., , 1998 . site-specific antibodies ( Figure 5C ). Equal amounts of core histones in the form of octamers, mononucleosomes, and oligonucleosomes were incubated with the The PHD-Zinc Fingers of Mi2␤ Are Required for Mi2␤-HDAC1 Interaction NuRD complex before subjecting the samples to SDS-PAGE followed by Western blot analysis. Identical blots Previous studies have suggested that Sin3 functions as a scaffold for the formation of HDAC1/2-containing were probed with antibodies recognizing acetylated histone H3 or histone H4 acetylated at lysine 5, 8, 12, or complexes (Alland et al., 1997; Hassig et al., 1997; Heinzel et al., 1997; Kadosh and Struhl, 1997; Laherty et al., 16 . Results shown in Figure 5C confirmed the TAU gel assay, demonstrating that histone H3 is deacetylated in 1997; Nagy et al., 1997; Zhang et al., 1997) . The finding that the NuRD complex is devoid of Sin3 prompted us all three substrate forms. In addition, this assay also confirmed that all four sites of H4 were deacetylated to analyze how the histone deacetylases HDAC1/2 were incorporated into the NuRD complex. Therefore, we exare dispensable for the interaction between Mi2 and HDAC1 ( Figures 6B and 6C ). However, deletion of the amined whether Mi2␤ interacts with HDAC1 and the histone-binding proteins RbAp48/46. HDAC1 was puri-PHD-zinc fingers abrogated the interaction ( Figure 6C , lane 12). To analyze whether the PHD-zinc fingers were fied from baculovirus-infected SF9 cells as an HDAC1-FLAG fusion protein, while RbAp48/46 were purified sufficient for the interaction, polypeptides containing one or both fingers were produced in bacteria and anafrom E. coli as GST-fusion proteins. These proteins were bound to beads and were incubated with in vitrolyzed for their ability to interact with HDAC1. This analysis failed to demonstrate an interaction (data not shown). translated Mi2␤ protein. After extensive washing, the proteins remaining bound to the beads were resolved Therefore, we conclude that the PHD-zinc fingers are required but not sufficient for the interaction. While the by SDS-PAGE and visualized by fluorography. We found that Mi2␤ interacts with HDAC1 ( Figure 6A, lane 5) . This function of PHD-zinc fingers is not known, they have been implicated in the regulation of chromatin-mediated interaction appears to be specific, as GST and GSTRbAp48/46 failed to pull down Mi2␤ ( Figure 6A , lanes transcription (Aasland et al., 1995) . The functional significance of PHD-zinc-finger domains has been highlighted 2-4). Furthermore, HDAC1 failed to pull down in vitrotranslated luciferase ( Figure 6A, lane 6) .
by the recent finding that mutations within the PHD-zinc finger of the transcriptional regulator ATRX are associMi2␤ contains several interesting domains ( Figure 6B ). To determine whether these domains are involved in the ated with the ATRX syndrome (Gibbons et al., 1997). Mi2/HDAC1 interaction, different Mi2 truncations were analyzed for their ability to interact with HDAC1. A scheDiscussion matic representation of these truncations is shown in Figure 6B . The results from pull-down experiments, Using conventional chromatography and immuno-affinity purification approaches, we have purified a novel shown in Figure 6C , demonstrate that amino acids (521-1912) at the C-terminal of the PHD-zinc fingers of Mi2 protein complex from human cells containing both nucleosome remodeling and histone deacetylase activities. The complex, which we named NuRD, contains the two histone deacetylases HDAC1/2, the two histonebinding proteins RbAp48/46, the helicase/ATPase domain-containing protein Mi2␤, an MTA1-related protein, and a novel protein of 32 kDa. We show that the NuRD complex has DNA-dependent nucleosome-stimulated ATPase activity. In addition, we demonstrate that this complex remodels nucleosomes in an ATP-dependent manner. Furthermore, the NuRD complex is able to deacetylate nucleosomal histones.
The NuRD Complex Couples Histone Deacetylation with Nucleosome Remodeling
As discussed above, two types of activities involving ATP hydrolysis and covalent modification of histone tails, respectively, have been discovered. However, a protein complex possessing both activities has not been reported. Here we demonstrate that the NuRD complex has both nucleosome remodeling and histone deacety- a nucleosome, although this lysine can be efficiently deacetylated when histone octamers are used as a subcase, the loss of histone deacetylase activity should strate ( Figure 5C ). Interestingly, lysine 8 of histone H4 cause a general increase in histone acetylation, resulting also becomes resistant to deacetylation when present in a global increase in gene expression. However, disin a mononucleosome, although it is efficiently deacetyruption of RPD3 in yeast or treatment of human cells lated in oligonucleosomes ( Figure 5C ). These results with histone deacetylase inhibitors does not cause indicate that in addition to DNA, the nucleosome strucglobal gene activation. In fact, only a limited number of ture also influences the accessibility of the NuRD comgenes are affected, and some genes are repressed plex to its target. rather than activated (Vidal and Gaber, 1991 ; Van Lint The finding that both nucleosome remodeling and hiset al., 1996) . One possible explanation is outlined in tone deacetylation activities exist in the same complex Figure 7 . A remodeling histone deacetylase complex, seems to be a paradox, since ATP-dependent nucleosuch as NuRD, is recruited to the promoter region of a some remodeling was thought to be involved in transubset of genes through the interaction with a DNAscriptional activation, while histone deacetylation has binding protein. Alternatively, recruitment may be achieved been linked to transcriptional repression. However, we by the complex itself recognizing a specific DNA elebelieve that the coupling of a nucleosome remodeling ment. Upon recruitment, the complex uses energy from activity to HDAC or HAT activity may provide an efficient ATP hydrolysis to remodel adjacent nucleosomes, alway for the cell to achieve transcriptional regulation. It lowing the histone tails to become accessible for deacehas been previously demonstrated that RbAp48 and tylation. Deacetylation of the core histone tails results RbAp46 cannot gain access to nucleosomal histones, in the formation of a more compacted nucleosomal although they efficiently bind to core histones (Verreault structure, leading to transcriptional repression. The diset al., 1997; Zhang et al., 1998) . This is likely because covery that nucleosome remodeling and histone deacehelix 1 of histone H4, which is involved in RbAp binding tylase activities coexist in the same complex supports (Verreault et al., 1997) , also interacts with DNA when this model. We observed that the NuRD complex deapackaged into a nucleosome (Luger et al., 1997) . Therecetylates nucleosomal histones in the absence of ATP. fore, in order for the RbAp proteins to access histones, This result does not seem to be compatible with this the nucleosome structure needs to be altered. If nucleomodel. However, this only occurs in the presence of somal histones were freely accessible to the NuRD or large amounts of the NuRD complex. When catalytic other complexes, one would expect that histone deaceamounts of the NuRD complex were used, no nucleosomal histone deacetylation was observed, although core tylases would work on a genome-wide basis. In this using HeLa nuclear extracts fractionated on phosphocellulose and histones were efficiently deacetylated. It is likely that DEAE-52 columns. The affinity columns were prepared using purinucleosomal histone deacetylation by the NuRD comfied antibodies against the C-terminal domain of HDAC1, against plex requires targeting of this complex to the vicinity of the full-length SAP30, or against a fragment of Mi2␤ (amino acids a specific nucleosome. We believe that it will be possible 475-970) coupled to 1 ml of protein A-agarose beads (Repligen) as to obtain ATP-dependent nucleosomal histone deacetydescribed (Harlow and Lane, 1988). lation if the NuRD complex is targeted to a specific site
The procedure for conventional purification of the NuRD complex is outlined in Figure 2A . Approximately 6 g of HeLa nuclear extracts in a reconstituted nucleosome array.
was fractionated on phosphocellulose and DEAE-52 columns. The DEAE-52-bound proteins were eluted with buffer C (20 mM Tris-HCl The Connection between Histone Deacetylase, [pH 7 .9], 0.2 mM EDTA, 10 mM ␤-ME, 0.2 mM PMSF, and 10%
Chromatin Structure, Dermatomyositis, glycerol) containing 350 mM KCl (BC350) and proteins were precipiand Cancer tated with saturated ammonium sulfate (final concentration of 45%).
Chromatin is the in vivo substrate for all biological proFollowing centrifugation at 35,000 rpm for 1 hr, the pellets were cesses involving DNA. Thus, interfering with chromatin and morphological changes in a number of tumor cell ammonium sulfate) were pooled and dialyzed against BD100. The sample (75 mg) was then loaded onto an HPLC-DEAE-5PW column lines (Yoshida et al., 1995; Kwon et al., 1998) . In addition, (TosoHaas, 45 ml) equilibrated with BD100. Proteins bound to the histone deacetylases may affect cell cycle regulation column were eluted with a 10 cv linear gradient from 100 to 400 through their association with the retinoblastoma tumor mM ammonium sulfate in buffer D. Fractions containing the NuRD suppressor protein (Brehm et al., 1998; Luo et al., 1998; complex (190 . Alternatively, deacetylation was monitored by resolving histones on a TAU gel followed by Coomassie staining ( Figure 5B ) Purification of the NuRD Complex or by resolving on an SDS-PAGE followed by Coomassie staining Affinity purification of the HDAC1, SAP30, and NuRD complexes was based on a previously published procedure (Zhang et al., 1998) and Western blot ( Figure 5C ).
